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ABSTRACT 

H-Coal@ Process commercial v l s b i l f t y  has been confirmed by a higL.1 successful,  
2-?/2 year demonstration program a t  the Catlettsburg,  Kentucky, P i lo t  Plant.  A 
major accomplishment was the confirmation of scale-up of the H-Coal@ Process che- 
mistry in the well-mixed ebullated-bed reactor system. T h i s  paper describes the 
H-Coal@ Process Model developed from bench sca le  and PDU t e s t i n g  and i t s  rela- 
t ionship  t o  the P i l o t  Plant operations. Kinetics,  hydrodynamics, and overall pro- 
cess  simulation a re  described. 

PROCESS BACKGROUND 

The H-Coal@ Process is a d i r e c t  c a t a l y t i c  coal l iquefac t ion  process developed by 
Hydroyllbon Research, Inc. fo r  conversion of coal in to  high-quality,  clean l iqu id  
f u e l s  The process can be modified to  produce a range o f  products from a heavy 
fuel o i l  to an a l l - d i s t i l l a t e  (C4-650°F boi l ing  range) syncrude. The novelty of 
the  H-Coal Process res ides  i n  t h e  use of the  comerc ia l ly  proven ebullated-bed 
reac tor  i n  combination w i t h  other process s teps  t o  achieve C4-975°F 1 iquid product 
y i e l d s  in t h e  range of 40 t o  55 weight percent on dry coal.  Over twenty coal 
types have been evaluated in more than 70,000 hours of operation. The history 
development, and advances of the H-Coal@ Process have been extensively documented. 
Some de ta i l s  of the process and HRI’s ebullated bed reactor are appended t o  th i s  
paper. 

. 

H-COAL PROCESS SCALE UP 

The development path f o r  comnercialization of the H-Coal Process i s  s imi la r  to  
t h a t  used by HRI f o r  sca le  up of the commercial H-Oil” residuum and heavy crude 
hydroconversion process. The H-Oil reactor system was successfully scaled up from 
the  bench, through the PDU, followed by a p i l o t  p lan t  demonstration u n i t  and 
f i n a l l y  t o  the commercial sca le  plant. The diameters of experimental reac tors  
employed fo r  co l l ec t ing  process, engineering and scale-up data a re  l i s t e d  below. 
All reac tors  have operated a t  comerc ia l  design conditions. 

H - O i  1 H-Coal 
Reactor Diameter Reactor Diameter 

Bench Unit 
Development U n i t  
P i lo t  P lan t  
Conerc i a l  Plant 

3/4 in. 3/4 in. 
8-1/2 in. 6 & 8-1/2 in.  

4 f t .  6 in. 5 f t .  
13 f t .  10-13 f t .  
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I n  a d d i t i o n ,  H R I  has cons t ruc ted  two c o l d - f l o w  r e a c t o r  models f o r  f l u i d  dynamics 
s t u d i e s  and the  development of improved r e a c t o r  i n t e r n a l s :  a 6 i n .  x 12 ft glass 
.column and a 5 ft x 24 ft. carbon s t e e l  vessel. These c o l d  f l o w  s tud ies ,  combined 
w i t h  data Co l l ec ted  from t h e  var ious exper imenta l  u n i t s ,  have p rov ided  the i n f o r -  
ma t ion  t o  sca le  the  e f f e c t s  of equipment s i z e ,  pressure and temperature on r e a c t o r  
f l u i d  dynamics and vessel i n t e r n a l s  designs. 

The performance of t he  H - O i l  u n i t  a t  t h e  Kuwai t  Na t iona l  Petro leum Company's 
(KNPC) Shuaiba Re f ine ry  i s  evidence o f  t h i s  successfu l  s c a l e  up technique. The 
KNPC H-Oil u n i t  has two r e a c t o r  t r a i n s ,  each o p e r a t i n g  on vacuum residuum a t  about 
25,000 B/D. 

The H-Coal r e a c t o r  has been thoroughly  t e s t e d  i n  bench- and PDU-size systems and 
has r e c e n t l y  completed a 2 1/2 y e a r  demonstrat ion program a t  t he  C a t l e t t s b u r g ,  
Kentucky H-Coal P i l o t  P l a n t .  The H-Coal P i l o t  P l a n t  o p e r a t i o n  has achieved many 
s i g n i f i c a n t  r e s u l t s  i n c l u d i n g :  

Both r e a c t o r s  have been o p e r a t i n g  s ince  1968. 

a Conf i rma t ion  o f  H-Coal process chemist ry  and equipment scale-up. 

a Establ ishment  o f  process mechanical o p e r a b i l i t y  and r e l i a b i l i t y  i n  
c o m e r c i a l - s c a l e  equipment 

C o l l e c t i o n  o f  eng inee r ing  des ign and o p e r a t i n g  data on c r i t i c a l  equipment a 

- S l u r r y  Preheater  

- Letdown va lves 

- S l u r r y  pumps 

- Reactor and i n t e r n a l s  

a Accumulation o f  about 7000 hours o f  on-coal ope ra t i ons  w i t h  over 56,000 
tons o f  coal processed. 

H-COAL REACTOR IS WELL MIXED AND THERMALLY STABLE 

To determine t h e  degree o f  c a t a l y s t  backmixing i n  an e b u l l a t e d  bed, a 
r a d i o a c t i v e l y - t a g g e d  c a t a l y s t  sample was charged t o  t h e  PDU r e a c t o r  i n  separate 
ope ra t i ons  w i t h  Kentucky and Wyoming coals .  The amount o f  tagged c a t a l y s t  i n  the  
d a i l y  wi thdrawals  and subsequent r e a c t o r  c a t a l y s t  bed dump was determined. The 
res idence t ime  d i s t r i b u t i o n  of c a t a l y s t  i n  the  ebu l l a ted -bed  was then analyzed. A 
d e t a i l e d  d i scuss ion  o f  t h e  exper imenta l  procedures, and some o f  t he  t e s t  r e s u l t s  
were repo r ted  i n  t h e  l i t e r a t u r e .  The es t ima ted  r e a c t o r  P e c l e t  number r e p o r t e d  by 
B i c k e l  and Thomas(3) f o r  t h e  Kentucky coa l  ope ra t i on  was 0.451. Using a mod i f i ed  
d i s p e r s i o n  model and t a k i n g  i n t o  c o n s i d e r a t i o n  the  f l u i d  dynamics d u r i n g  the cata-  
l y s t  a d d i t i o n  and wi thdrawal  operat ions,  t he  P e c l e t  number f o r  t he  Wyoming coal 
o p e r a t i o n  was es t ima ted  t o  be 0.248 ( d e t a i l e d  a n a l y s i s  t o  be pub l i shed) .  These 
low P e c l e t  numbers i n d i c a t e  t h a t  t h e  c a t a l  s t  m i x i n g  c h a r a c t e r i s t i c s  i n  t h e  PDU 
ebul la ted-bed r e a c t o r  approximated t h a t  o f  t i e  CSTR. 

The a x i a l  temperature v a r i a t i o n  i n  an ebul la ted-bed r e a c t o r  i s  s i g n i f i c a n t l y  
sma l le r  than t h a t  i n  a p lug - f l ow  ( f i xed -bed  o r  moving-bed) r e a c t o r  a t  t h e  same 
convers ion l e v e l .  The a x i a l  temperature g r a d i e n t  ( A T )  i n  an ebul la ted-bed reac- 
t o r  can be es t ima ted  u s i n g  t h e  f o l l o w i n g  express ion:  
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where, 

C A ~ ,  C A ~  = c o n c e n t r a t i o n  of r e a c t a n t  i n  the  feed and i n  
t h e  r e a c t o r  o u t l e t ,  r e s p e c t i v e l y .  

A H r  

f l  

= h e a t  o f  r e a c t i o n  

= d imens ion less  c o n s t a n t  r e l a t e d  t o  r e c y c l e  
l i q u i d / f e e d  r a t i o  and i n t e r n a l  l i q u i d  
backmix ing .  T h i s  c o n s t a n t  ranges f rom 
5-15 i n  e b u l l a t e d - b e d  o p e r a t i o n s .  

= average f l u i d  d e n s i t y  and h e a t  c a p a c i t y ,  
r e s p e c t i v e l y .  

p ,  Cp 

The c a l c u l a t e d  tempera ture  g r a d i e n t s  f rom e q u a t i o n  ( I )  a r e  i n  agreement r i t h  POU 
and C a t l e t t s b u r g  P i l o t  P l a n t  da ta  as shown below: 

MEASURED VS. PREDICTED H-COAL REACTOR TEMPERATURE GRADIENTS 

( I l l i n o i s  No. 6 Coal ,  B u r n i n g  S t a r  !.line) 

PDU-5 C a t l e t t s b u r g  - 
Reactor  I n t e r n a l  D iameter  0.71 f t .  5 f t .  

Reactor  Temperature 850°F a 4 5 - a 5 i 0 ~  

Reactor  Pressure  2,700 p s i g  3,000 p s i g  

Reactor  Temperature G r a d i e n t  
Measured 16-20 "F 11- 18°F 
P r e d i c t e d  16'F 16°F 

F o r  a c o m n e r c i a l - s i z e  H-Coal r e a c t o r  o p e r a t i n g  a t  c o n d i t i o n s  s i m i l a r  t o  t h a t  of 
t h e  C a t l e t t s b u r g  P i l o t  P l a n t ,  a tempera ture  g r a d i e n t  o f  about  7 ° F  was p r e d i c t e d .  
Th is  lower r e a c t a r  tempera ture  g r a d i e n t  was due t o  i n c r e a s e d  backmix ing  i n  l a r g e  
s i z e  r e a c t o r .  The same c a l c u l a t i o n  procedure  p r e d i c t e d  temperature v a r i a t i o n s  of  
2-5'F i n  c o m e r c i a l  H - O i l @  r e a c t o r s ,  which i s  c o n s i s t e n t  w i t h  c o m e r c i a l  
exper ience.  The h i g h e r  tempera ture  g r a d i e n t s  observed i n  +Coals  r e a c t o r s  were 
caused by h i g h e r  h e a t  o f  r e a c t i o n  and l o w e r  e b u l l a t i n g  r e c y c l e  f l o w  i n  the H-Coal@ 
Process. 

I n  p l u g - f l o w  r e a c t o r s ,  such as f i x e d  beds and moving beds, the temperature g r a -  
d i e n t  across the  r e a c t o r  f o r  an exo thermic  h y d r o c r a c k i n g  r e a c t i o n  can be c a l c u -  
l a t e d  u s i n g  the  f o l l o w i n g  e q u a t i o n :  
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where subsc r ip t s  f and 1 denote r e a c t o r  f eed  and o u t l e t  c o n d i t i o n s ,  r e s p e c t i v e l y .  
Comparing equations (1) and (2) ,  one can deduce t h a t  t h e  a x i a l  temperature gra- 
d i e n t  i n  a p lug - f l ow  r e a c t o r  i s  about one o rde r  of magnitude h i g h e r  than t h a t  i n  
an ebu l l a ted -bed  r e a c t o r  when both a re  o p e r a t i n g  a t  t he  same convers ion l e v e l .  

The wel l -mixed ebu l l a t i ng -bed  r e a c t o r  system enables commercial r e a c t o r  systems to 
u t i l i z e  the exothermal heat  o f  r e a c t i o n  t o  preheat  t h e  H-Coal r e a c t o r  feed. Th is  
enables the coa l  s l u r r y  preheater  t o  operate a t  a low temperature (~700'F a t  t h e  
P i l o t  P l a n t ) .  No coke was found i n  the  s l u r r y  p rehea te r  a f t e r  2-1/2 years  o f  
P i l o t  P l a n t  ope ra t i on  because o f  t he  m i l d  preheater  s e v e r i t i e s .  The H-Coal reac-  
t o r  system i s  e n e r q y - e f f i c i e n t ,  c o s t - e f f e c t i v e ,  and has the  p o t e n t i a l  f o r  h i g h e s t  
p l a n t  On-stream f a c t o r s  o f  any d i r e c t  coal  l i q u e f a c t i o n  process. 

1 

H-COAL PROCESS MODELLING 

The H-Coal@ Process has been success fu l l y  demonstrated on t h e  bench sca le  w i t h  
over  20 coa l  types i n c l u d i n g  bituminous, sub-bituminous, l i g n i t e  and brown Coal. 

The H-Coal@ Process o f f e r s  considerable p roduc t  s l a t e  f l e x i b i l i t y ,  rang ing  from an 
a l l - d i s t i l l a t e  syncrude t o  a maximum heavy f u e l  o i l  p roduc t i on .  The H-Coal@ 
Process meets these requirements through man ipu la t i on  o f  key process v a r i a b l e s  
i n c l u d i n g :  

Coal space v e l o c i t y  

m Hydrogen p a r t i a l  pressure 

m Reactor temperature 

m Recycle s l u r r y  composi t ion 

H R I  has developed a t o o l  t o  p r e d i c t  t he  e f f e c t  o f  these key process v a r i a b l e s  on 
H-Coal y i e l d s  and p roduc t  q u a l i t i e s  f o r  I l l i n o i s  No. 6 coa l .  The H-Coal@ Process 
S imu la to r  i s  a comprehensive computer model o f  t h e  H-Coal r e a c t o r  system a t  
s teady -s ta te  cond i t i ons .  The S imu la to r  i nc ludes  r e c e n t l y  updat.;d c o r r e l a t i o n s  f o r  
H-Coal p roduc t  q u a l i t i e s ,  r e a c t o r  v a p o r / l i q u i d  e q u i l i b r i u m  K "  values, and an 
H-Coal k i n e t i c  m d e l .  A l l  r e a c t o r  f eed  and e f f l u e n t  streams, r e a c t o r  composit ion, 
and product  y i e l d s  and q u a l i t i e s  a re  depic ted.  Procedures a re  con ta ined  i n  the 
S imu la to r  f o r  e lemen ta l l y  ba lanc ing  y i e l d s  and c a l c u l a t i n g  r e a c t o r  s l u r r y  com- 
p o s i t i o n  as a f u n c t i o n  o f  r e c y c l e  s lu , r ry  and r e c y c l e  gas feed  stream r a t e s  and 
composi t ions.  The r e a c t o r  s l u r r y  composi t ion i s  an i m p o r t a n t  parameter i n  the 
H-Coal k i n e t i c  m d e l  f o r  p r e d i c t i n g  p roduc t  y i e l d s .  

H R I  has developed a semi-empir ica l  k i n e t i c  model based on a back-mixed reac to r  
system. The convers ion reac t i ons  a r e  assumed t o  be i r r e v e r s i b l e .  The reac t i ons  
a re  f i r s t  o rde r  except  f o r  preasphal tene and asphal tene conversion. The r e a c t i o n  
mechanism assumed i s  shown i n  F igu re  1. Coal i s  made up o f  i n e r t  components (ash 
and i n e r t  o rgan ic  m a t e r i a l  and r e a c t i v e  components. The p r imary  reac t i ons  
i n v o l v e  t h e  convers ion o f  r e a c t i v e  coal  t o  preasphal tenes and gases ( i n c l u d i n g  
hydrocarbon and heteroatoms). Secondary r e a c t i o n s  i n v o l v e  t h e  convers ion o f  
preasphal tenes t o  asphal tenes, d i s t i l l a t e s  (C4-400°F, 40O-65O0F, and 650-975°F) 
and gases. F i n a l l y ,  i n  t e r t i a r y  r e a c t i o n s ,  asphaltenes conver t  t o  d i s t i l l a t e s  and 
gases, and d i s t i l l a t e s  conver t  t o  l i g h t e r  b o i l i n g  components. 

C a t a l y s t  t ype  and replacement r a t e  
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The k i n e t i c  model i s  i n c o r p o r a t e d  i n t o  t h e  H-Coal@ Process Simulator .  I n  t h e  
S imu la to r ,  e m p i r i c a l  c o r r e l a t i o n s  a re  used t o  separate the  d i s t i l l a t e  components 
i n t o  narrow (50°F) b o i l i n g  range f r a c t i o n s .  These components are u t i l i z e d  t o  
o b t a i n  b e t t e r  es t ima tes  of r e a c t o r  composi t ion ( th rough  v a p o r / l i q u i d  e q u i l i b r i u m  
f l a s h  c a l c u l a t i o n s ) ,  phys i ca l / chemica l  p r o p e r t i e s  o f  t h e  p roduc t  streams, and f o r  
elemental ba lanc ing  o f  t h e  H-Coal@ Process y i e l d s .  

Table 1 summarizes t h e  da ta  base used t o  develop t h e  H-Coal K i n e t i c  Model f o r  
I l l i n o i s  No. 6 Coal (Bu rn ing  S t a r  Mine). A l l  process v a r i a b l e s  cover a wide range 
w i th  t h e  e x c e p t i o n  of temperature. The temperature e f f e c t  has been modeled based 
on p r i o r  da ta  o b t a i n e d  on a d i f f e r e n t  I ! ! i no i s  coa l  (Monterey Mine). 

TABLE 1. H-COAL KINETIC MODEL - RANGE OF DATA USED 

COAL TYPE: I l l i n o i s  No. 6 (Bu rn ing  S t a r  Mine) 

NUMBER OF YIELD PERIODS: 140 
PROCESS UNITS: BENCH, PDU 

CATALYST : HDS-1442A 

PROCESS VARIABLE RANGES 
Coal Space V e l o c i t y  
P ressu re  1450-2700 ps l a  
Hydroqen P a r t i a l  Pressure 1100-1900 p s i a  

25 - 80 l b / h t - / f t 3  

C a t a l y s t  Age 

Opera t i ng  Mode 
Reactor  Stages 

Temoerature 840 - 852°F 
0-600 hours 
0-3000 l b  c o a l / l b  c a t a l y s t  
Bottoms Recycle 
S ing le  

The H-Coal K i n e t i c  Model components, c o r r e l a t i n g  parameters, range o f  y i e l d  data, 
and s tandard d e v i a t i o n s  o f  t h e  c o r r e l a t i o n s  a r e  summarized i n  Table 2. Coal con- 
ve rs ion  i s  c o r r e l a t e d  as a f u n c t i o n  o f  coa l  space v e l o c i t y ,  r e a c t o r  temperature, 
and the  concen t ra t i on  o f  r e a c t i v e  coa l  i n  t h e  r e a c t o r .  The I l l i n o i s  coal i s  very 
r e a c t i v e  and coa l  convers ion data covered d narrow range o f  87-96 we igh t  pe rcen t  
o f  MAF coal .  Hydrogen p a r t i a l  p ressu re  e f f e c t s  were n o t  s t a t i s t i c a l l y  s i g n i f i -  
cant .  A l though c a t a l y s t  age and a c t i v i t y  i n f l u e n c e  s o l v e n t  q u a l i t y ,  no c a t a l y s t  
impact  on coal  conve rs ion  c o u l d  be  c o r r e l a t e d  from a v a i l a b l e  data. The s tandard  
d e v i a t i o n  f o r  t h e  t o t a l  bench and PDU da ta  base was 1.2%. 

TABLE 2. REVISED H-COAL KINETIC MOREL 

RANGE OF YIELDS STANDARD 
COMPONENT FORM OF CORRELATION % MAF COAL DEVIATION 

1.2 Coal Conversion F1 (SV,T,C) 87-96 

Preasphal tenes F2 (SV,T,AGE,HzPP,C) 1.3-20 - 
Toluene Conversion F 1 - f ~  

Asphal tenes F3 (SV,T,AGE,HzPP ,C) 

975°F- Conversion F 1 - f z - F ~  

650-975°F L i q u i d  F4 (FlrF2,F3,SV,C) 
400-650°F L i q u i d  F5 (F1,F2,F3,F4,SV,C) 
C4-4OO"F L i q u i d  F6 (F1,F2,F3,F4,F5) 
C1-C3 Gas F7 (FlsF1,F2,F4,F5) 

11-30 

45-80 

6- 14 
5-30 

10-40 
5-15 

2.5 

2.0 

2.3 
2.1 
3.1 
1.7 
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Preasphaltene and asphaltene convers ions were c o r r e l a t e d  as a f u n c t i o n  o f  coa l  
space v e l o c i t y ,  c a t a l y s t  age, hydrogen p a r t i a l  pressure, r e a c t o r  temperature, and 
r e a c t o r  concentrat ion.  S t a t i s t i c a l  performance was s i g n i f i c a n t l y  improved by 
c o r r e l a t i n g  t h e  to luene  convers ion [ c o a l  convers ion minus preasphal tene y i e l d )  and 
975°F' convers ion ( coa l  convers ion minus preasphal  tene and asphal tene y i e l d ) .  
Th i s  e l i m i n a t e d  data s c a t t e r  assoc ia ted  w i t h  smal l  d i f f e r e n c e s  between l a r g e  num- 
bers. Standard dev ia t i ons  of 1.8% and 2.0% were achieved f o r  t he  to luene conver- 
s i o n  and 975°F' convers ion,  r e s p e c t i v e l y .  Y i e l d s  o f  d i s t i l l a t e s  (C4-4OO0F, 
4O0-65O0F, 650-975OF) were s i m i l a r l y  c o r r e l a t e d .  The data, however, were more 
l i m i t e d  and data s c a t t e r  more s i g n i f i c a n t .  F u r t h e r  data a r e  r e q u i r e d  t o  c o n f i r m  
these reac t i ons  r a t e  constants .  

The H-Coal@ Process S imu la to r  i nc ludes  e m p i r i c a l  c o r r e l a t i o n s  o f  hydrogen consump- 
t i o n ,  and heteroatom (COX, HzS, NH3, H20) y i e l d s .  L i q u i d  p roduc t  q u a l i t i e s  a r e  
c a l c u l a t e d  by k i n e t i c  ( f o r  S,N) and e m p i r i c a l  c o r r e l a t i o n s .  

The H-Coals Process S imu la to r  has been used e x t e n s i v e l y  t o  p r e d i c t  H-Coals Process 
performance over a wide range o f  o p e r a t i n g  c o n d i t i o n s  and t o  eva lua te  process 
improvements. S i g n i f i c a n t  improvements have been made i n  i n c r e a s i n g  the  r e c y c l e  
s o l v e n t  b o i l i n g  range (400°F' t o  600°F') and e x t i n c t i n g  the  heavy vacuum gas o i l  
stream. Th is  improves process economics when a t r a n s p o r t a t i o n  p roduc t  s l a t e  i s  
des i rab le . (4 )  Also, r e c e n t  s tud ies  have shown t h a t  t he  hydroc lones used f o r  pre-  
p a r a t i o n  o f  r e c y c l e  s l u r r y  o i l  may be e l i m i n a t e d  i n  most cases w i t h o u t  s a c r i f i c i n g  
l i q u i d  y i e l d s .  

\ 

The S imu la to r  has been used t o  v e r i f y  P i l o t  P l a n t  performance. 

H-COAL PILOT PLANT YIELDS PREDICTIONS CONFIRMED 

The H-Coal P i l o t  P l a n t  had a successfu l  131 day run  w i t h  I l l i n o i s  No. 6 and 
HDS-1442A c a t a l y s t  (Run 8 )  d u r i n g  the  second h a l f  o f  1981. The run was conducted 
w i t h  d a i l y  c a t a l y s t  a d d i t i o n  and wi thdrawal  t o  m a i n t a i n  a t a r g e t  c a t a l y t i c  a c t i -  
v i t y .  Dur ing  t h i s  run, 19,200 tons o f  d r i e d  coa l  were processed w i t h  the  r e a c t o r  
p rocess ing  coal  o r  o i l  s l u r r y  100% o f  t h e  t ime  and coal  f e d  f o r  72% o f  t he  t ime. 
The data ob ta ined  a t  t h e  P i l o t  P l a n t  a re  f e l t  t o  be r e p r e s e n t a t i v e  o f  what would 
be achieved i n  l o n g  term commercial operat ions.  

Y i e l d  da ta  were ob ta ined  i n  bo th  September and a four-day ma te r ia l -ba lance  p e r i o d  
(October 29-November 2) .  The y i e l d  data ob ta ined  d u r i n g  t h e  ma te r ia l -ba lance  
p e r i o d  were considered most r e p r e s e n t a t i v e  due t o  l i n e d - o u t  H-Coal ope ra t i ons  a t  
s teady -s ta te  c o n d i t i o n s  d u r i n g  t h i s  per iod.  

Table 3 presen ts  a comparison o f  y i e l d s  ob ta ined  a t  t he  PDU s c a l e  w i t h  those 
ob ta ined  d u r i n g  t h e  four-day ma te r ia l -ba lance  p e r i o d  a t  t h e  P i l o t  P l a n t  f o r  t he  
I l l i n o i s  No. 6 b i tuminous coal .  Tab le  4 presents  s i m i l a r  data f o r  Wyodak sub- 
bi tuminous coa l .  These data show e q u i v a l e n t  y i e l d s  a t  t he  two scales and c o n f i r m  
t h e  scaleup o f  H-Coal@ Process chemist ry .  The H-Coal K i n e t i c  Model and Process 
S imu la to r  c l o s e l y  p r e d i c t e d  t h e  demonstrated P i l o t  P l a n t  performance. These 
r e s u l t s  p rov ide  conf idence i n  HRI 's  a b i l i t y  t o  p r o j e c t  commercial sca le  p l a n t  per-  
formance based on r e s u l t s  ob ta ined  i n  bench and POU u n i t s .  
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TABLE 3. H-COAL PROCESS CHEMISTRY SCALE-UP ILLINOIS NO. 6 COAL 

UNIT PDU PILOT PLANT - 
Nominal S ize,  T f O  3.5 200 

PERCENT PERCENT 
76x8- 11.77 

18.74 22.41 
28.33 25.27 

YIELDS 
1Ic3 

C4/400°F 
400/975"F 
975°F' Residuum 19.90 21.26 
lJnconve?i*ted Coal 5.78 3.46 
Ash 11.51 11.31 

T o t a l  D i s t i l l a t e  O i l  47.07 47.68 
Residuum P lus  Coal 24.78 24.72 

TABLE 4. H-COAL PROCESS CHEMISTRY SCALE-UP WYODAK COAL 

UNIT 

Nominal S ize,  T/D 

YIELDS 

E $0 OF 
400/975OF 
975°F' Residuum 
Unconverted Coal 
Ash 

To ta l  D i s t i l l a t e  O i l  
Residuum Plus Coal 

PDU 

3.5 

PERCENT 
-9T-8- 

22.12 
24.06 
11.27 
10.72 
8.84 

46.18 
21.99 

- PILOT PLANT 

200 

B/T PERCENT BTU - 9.29 - 
1.62 25.95 1.93 
1.40 23.93 1.41 
0.51 10.65 0.48 

9.12 
9.13 - 

49.88 
19.77 

SUMMARY 

The H-Coala Process f o l l o w s  t h e  same success fu l  development and sca le  up pa th  used 
f o r  t h e  H - O i l  Process. Resu l t s  o f  r e a c t o r  t e s t i n g  and model ing are i n  agreement 
w i t h  p l a n t  data, c o n f i r m i n g  t h a t  e b u l l a t e d  beds a re  we l l -m ixed  and h i g h l y  s t a b l e .  
A k i n e t i c  model and o v e r a l l  process s i m u l a t o r  have been developed and shown t o  
a c c u r a t e l y  p r e d i c t  r e s u l t s  from bench, PDU, and P i l o t  P l a n t  scales. P i l o t  P l a n t  
r e s u l t s  con f i rm  scaleup o f  t he  H-Coal@ Process chemist ry .  Data ob ta ined  i n  f u t u r e  
bench and PDU u n i t s  may be used wi th  conf idence f o r  des ign o f  commercial s c a l e  
p l a n t s .  
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FIGURE 1 

H-Coal@ Kinetic Model Reaction Mechanism 
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APPENDIX 

H-COAL PROCESS DESCRIPTION 

F i g u r e  1 presents  a s i m p l i f i e d  f l o w  diagram o f  t h e  H-Coal Process. Coal i s  
s l u r r i e d  w i t h  a process-der ived o i l ,  pumped t o  r e a c t o r  pressure,  mixed w i t h  
hydrogen, preheated and f e d  t o  t h e  reac to r .  There, coa l ,  r e c y c l e  o i l ,  and 
hydrogen r e a c t  i n  t h e  presence o f  a c a t a l y s t .  Depending on t h e  process s e v e r i t y  
se lected,  t h e  n e t  p roduc t  y i e l d  can be a l l - d i s t i l l a t e  m a t e r i a l  or, a t  low 
s e v e r i t i e s ,  a d i s t i l l a t e  and a heavy f u e l  o i l .  The r e a c t o r  t y p i c a l l y  operates 
a t  temperatures o f  about 800-850°F and pressures o f  2500-3000 ps ig .  A p o r t i o n  
o f  t h e  r e a c t o r  e f f l u e n t  i s  t r e a t e d  t o  reduce i t s  s o l i d s  content .  Low-sol id- 
c o n t e n t  o i l  i s  r e c y c l e d  as a s l u r r y  o i l  f o r  t h e  coal .  The balance o f  the l i q u i d  
i s  f r a c t i o n a t e d  t o  produce an a l l - d i s t i l l a t e  product .  The vacuum residuum, con- 
t a i n i n g  n o n d i s t i l l a t e  o i l s ,  unconverted coa l ,  and ash, can be f e d  t o  a p a r t i a l  
o x i d a t i o n  u n i t  t o  produce t h e  hydrogen f o r  t h e  process. 

EBULLATED-BED REACTOR DESCRIPTION 
F i g u r e  2 i s  a ske tch  o f  t h e  e b u l l a t e d  bed r e a c t o r  which i s  t h e  h e a r t  o f  t h e  
H-Coal r e a c t o r  design. The r e a c t o r  feed and r e c y c l e  streams f rom t h e  e b u l l a t i n g  
pump e n t e r  t h e  bottom o f  t h e  reac to r .  The l i q u i d  f l o w  causes t h e  c a t a l y s t  bed 
t o  expand and f l u i d i z e .  The c a t a l y s t  remains i n  t h e  bed. The r e a c t o r  products, 
i n c l u d i n g  t h e  unconverted coal  and ash s o l i d s ,  l eave  t h e  bed and are separated 
f o r  f u r t h e r  processing. Because the  c a t a l y s t  i s  c o n s t a n t l y  i n  motion, a p o r t i o n  
can be withdrawn and rep laced  t o  ma in ta in  h i g h  c a t a l y s t  a c t i v i t y .  On a d a i l y  
bas i s ,  about one o r  two pe rcen t  o f  t he  c a t a l y s t  i n v e n t o r y  i s  removed f o r  t h i s  
purpose. The ebul la ted-bed r e a c t o r  system has over  30 u n i t - y e a r s  o f  c o m e r c i a l  
ope ra t i ons  i n  HRI's H - O i l Q  pet ro leum residuum hydroconvers ion process. The 
H-Coal@ c a t a l y s t  now be ing  used has a l s o  been demonstrated commerc ia l ly  i n  H - O i l  
operat ions.  

The ebul la ted-bed r e a c t o r  a l l o w s  i n t i m a t e  c o n t a c t  between c a t a l y s t  p a r t i c l e s ,  
hydrogen, and t h e  coa l -o i  1 s l u r r y  t o  achieve e s s e n t i a l l y  i so the rma l  r e a c t i o n  
c o n d i t i o n s  and p rov ide  low cons tan t  r e a c t o r  d i f f e r e n t i a l  pressure. Other major  
advantages o f  t h e  H-Coal r e a c t o r  system are t h a t :  

0 High l i q u i d  y i e l d s  and q u a l i t i e s  a re  achieved i n  t h e  presence o f  a s y n t h e t i c  
c a t a l y s t  and a re  n o t  dependent on t h e  c a t a l y t i c  e f f e c t  o f  coa l  ash. 

Continuous c a t a l y s t  replacement c o n t r o l s  d e a c t i v a t i o n ,  prov ides cons tan t  
p roduc t  q u a l i t y ,  w i l l  p e r m i t  cont inuous c a t a l y s t  regenerat ion,  and prov ides 
f o r  h i g h  on-stream f a c t o r s .  

0 Operat ing c o n d i t i o n s  can be v a r i e d  t o  meet f l e x i b l e  p roduc t  s l a t e  r e q u i r e -  
ments. 

I 
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FIGURE A - 1  

Slmp!ified H-Coal" Process Flow Diagram 
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FIGURE A-2  

H-Coal Reactor 
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